This study aimed to analyze the effect of hydrogen peroxide decolorization on the structure and functional characteristics of tea meal protein to provide some theoretical basis for the utilization of tea meal protein. The changes in the protein structure and function before and after decolorization were evaluated by measuring denaturation temperature, surface hydrophobicity, and sulfhydryl content and by analyzing infrared spectrum, X-ray diffraction peak, and microstructure, etc. Results showed that decolorization with hydrogen peroxide increased the surface hydrophobicity, decreased the sulfhydryl content, and did not change the disulfide bond content. The treatment weakened the chemical bond strength but did not affect the basic skeleton structure. The microstructure as well as the position and intensity of the X-ray diffraction peak of the protein from Camellia oleracea seed cake remained the same before and after the treatment. The heat denaturation temperature also increased. Hydrogen peroxide did not change the isoelectric point; decreased the solubility, emulsifying properties, emulsion stability, foaming ability, and foam stability of the protein; and increased the oil and water holding capacities. Overall, decolorization with hydrogen peroxide did not significantly affect the protein structure but changed its functional properties.
Introduction
Camellia oleifera originates and is widely distributed in southern China. [1] The seed is used to extract camellia oil, which is rich in unsaturated fatty acids and is used extensively as cooking oil and adjuvant medicine for burn injuries and stomach ache. [2, 3] Defatted Camellia oleifera seed cake is a by-product of oil refinery of Camellia oleifera seeds and is traditionally used for animal feeds, detergent, organic fertilizers, or fuel. The defatted seed cake contains abundant bioactive compounds, such as polyphenols, saponins, proteins, and polysaccharides. [4] The cake also contains 14-20% crude protein and 17 kinds of amino acids, 8 of which are essential. [5] Hence, defatted Camellia oleifera seed cake could be a high-quality protein resource and has great development potential.
At present, defatted seed cake of Camellia oleifera can be obtained after high-temperature hot pressing. The crude protein extracted from the defatted seed cake is dark brown and contains high amounts of pigments. The presence of pigments is a major problem in isolation, purification, and structure identification of seed cake protein (SCP); as such, the applications of SCP are hindered. Therefore, pigments should be removed from SCP. However, few works have focused on decolorization of SCP.
Various chemical and physical processes, such as activated carbon adsorption [6, 7] , organic solvent method [8, 9] , exchange resin adsorption [10] , and hydrogen peroxide (H 2 O 2 ) oxidation, are used for decolorization. In our previous research, physical adsorption methods, such as those using activated carbon and macroporous resin, exhibit poor decolorization effect on SCP. Meanwhile, H 2 O 2 exerts obvious decolorization effect on SCP but recoloring of the protein is difficult. The optimum decolorization process includes decoloring temperature of 40°C, decoloring time of 60 min, and H 2 O 2 content of 4%. Several scholars have studied the successful application of H 2 O 2 for decolorization of polysaccharides from the leaves of Cyclocarya paliurus. [11] The use of H 2 O 2 is permitted for use in the food industry for various purposes, such as antimicrobial agent in starch and milk for cheese making and as bleaching agent in beef, tripe, and instant tea. [12] This study hypothesized that H 2 O 2 was a strong oxidizing agent and decomposed nonferrous substances into low-molecular-weight aldehydes, carboxylic acids, and carbon dioxide to achieve satisfactory decolorization results. The main objectives were to evaluate the effect of H 2 O 2 treatment on the structural and functional properties of SCP. Structural properties were evaluated by Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and scanning electron microscopy (SEM) analyses. The functional properties of SCP, including water-holding capacity (WHC), oil-holding capacity (OHC), solubility, foamability, and emulsifiability, were determined. A comprehensive quality evaluation of the decolorized protein was conducted to provide a theoretical basis for processing SCP and developing of new products.
Materials and methods

Chemicals
Tris-(Hydroxymethyl)-aminomethane (Tris), sodium dodecyl sulfonate (SDS), dithiothreitol (DTT), and glycine were obtained from Beijing Suolaibao Technology Co., Ltd. (Beijing, China). 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB) was acquired from Aladdin Biotechnology Co., Ltd. (Shanghai, China). Bovine serum albumin (BSA) was supplied by Germany BioFROXX Co., Ltd. (Beijing, China). All other chemicals and solvents were of the highest commercial grade and obtained from Guangzhou Chemical Reagent Co. Ltd. (Guangzhou, China).
Samples
Camellia oleifera seed cake was purchased from a factory in Zhongyuan Town, Qionghai City, Hainan Province, China. The sample was cut into small fractions, ground into fine powder in a highspeed disintegrator, and passed through a 60 mesh sieve.
Preparation of DSCP
The resulting powder of the seed cake was extracted with hexane for 24 h at room temperature to remove residual fatty acids. Decolorized seed cake protein (DSCP) was prepared by suspending the flour into distilled water (1:34, w/v), and the pH was adjusted to 10.0 by adding 1 mol/L NaOH after agitating for 1 h at 50°C. The solution was then added with 4% H 2 O 2 for 1 h at 40°C, and the pH was adjusted to pH 3.5 by adding 1 mol/L HCl. The solution was incubated for 30 min and centrifuged at 5432 g for 30 min. The precipitate was washed three times with 80% ethanol and fractionated in distilled water by using 8000 Da molecular weight cut-off dialysis bags to enrich specific fractions. The solution was stirred gently for 48 h at 4°C, and water was changed every 4 h. The fractions in the dialysis bags were lyophilized in a vacuum freeze dryer. The dried DSCP was stored at −20°C in a refrigerator before measurements and treatments.
Surface hydrophobicity
Surface hydrophobicity was determined according to SDS binding method proposed by Mustapha et al. [13] with some modification. About 1 mL of the SDS solution (0, 0.02, 0.04, 0.06, 0.08, and 0.1 mmol/L) was obtained and added with 20 mL of chloroform and 5 mL of 0.24 g/L methylene blue solution. The solution was centrifuged at 1157 g for 15 min. The mixture of SDS and methylene blue at the bottom was collected. Absorbance was recorded at the wavelength of 655 nm. The surface hydrophobicity of the protein was expressed as 1 mg of protein combined with SDS (µg/mg). The regression equation of absorbance (y) and SDS concentration (x) was y = 4.2386x-0.0168 (R 2 = 0.9926).
About 10 mg of the sample was dissolved in 40 mL of 0.1 mmol/L SDS solution and stirred for 4 h at room temperature. The mixture was centrifuged at 3214 g for 10 min, and the supernatant was dialyzed for 36 h. Subsequently, 1 mL of the dialysate was mixed with 20 mL of chloroform. The chloroform layer was added with 5 mL of 0.24 g/L methylene blue solution. The mixture was mixed and centrifuged at 1157 g for 15 min. The mixture of SDS and methylene blue at the bottom was collected, and absorbance was recorded at the wavelength of 655 nm. Surface hydrophobicity was calculated using the following formula:
where A 1 is the total SDS quality, A 2 is the unbound SDS quality, and A 3 is the sample quality.
Free and total sulfhydryl content DTNB colorimetry was used to determine the content of free and total sulfhydryl of protein. [14] The sample (0.05 g) was dissolved in 4 mL of 8 mol/L urea Tris-Gly solution (pH 8), stirred at room temperature for 1 h, and centrifuged at 10414 g for 15 min. The supernatant was obtained, and protein content was determined by biuret method. [15] Protein liquid sample (1 mL) was added with 5 mL of 8 mol/L urea Tris-Gly solution (pH 8) and 8 mL of 4 mg/mL DTNB and placed in a water bath at 25°C for 25 min. Absorbance (B) was recorded at the wavelength of 412 nm, and blank control was replaced by the protein sample solution with 8 mol/L urea Tris-Gly solution (pH 8). Free sulfhydryl content was calculated according to the following formula:
where FSC is the free sulfhydryl content, D is the dilution factor (D = 6.04 for free sulfhydryl content), ρ is the mass concentration of the protein sample (mg/mL), 73.53 is 10 6 /(1.36 × 10 4 ), and 1.36 × 10 4 is the molar extinction coefficient of Ellman reagent [L/(mol•cm)].
The liquid protein sample (0.6 mL) was added with 3 mL of 8 mol/L urea Tri-Gly solution (including 40 mmol/L DTT with pH 8). The mixture was placed in a water bath at 25°C for 1 h and added with 6 mL 12% TCA. The mixture was placed again in the water bath at 25°C for 1 h and then centrifuged at 3214 g for 10 min. The precipitate was washed four times with 12% TCA and dissolved in 9 mL of 8 mol/L urea Tris-Gly solution. The mixture was added with 0.09 mL of 4 mg/mL DTNB solution and placed in a water bath for 25 min at 25°C. Absorbance (B 1 ) was recorded at the wavelength of 412 nm.
where TSC is the free sulfhydryl content, and D is the dilution factor (D = 16.15 for total sulfhydryl content determination).
Thermal denaturation temperature
Thermal denaturation temperature of protein was determined following the method described by Khatkar et al. [16] with some modifications. In brief, 2 mg of the sample was spread on an aluminum box and placed in a differential scanning calorimeter (DSC). The sample was heated from 20°C to 180°C at a rate of 10°C/min under high-purity N 2 atmosphere flowing at 50 mL/min.
SDS-PAGE analysis
SDS-PAGE was conducted according to the method of Lee et al. [17] with slight modifications. A 0.1% solution of the sample was mixed with sample buffer (β-mercaptoethano, SDS, glycerol, bromophenol blue, Tris-HCl, pH 6.8) at a ratio of 1:1 and heated at 100°C for 4 min. The loading amount was set as 15 µL (marker loading is 10 µL). The voltage was set at 60 V when the sample entered 4% concentrated gel and set at 100 V when it entered 12% separation gel. The electrophoresis was terminated until bromophenol blue reached 1 cm at the bottom. The gels were stained with Coomassie brilliant blue R250 and methanol. The gels were then destained in a destaining solution and stored in 5% glycerol solution for imaging.
Amino acid composition
Analysis of amino acid composition was analyzed by automated amino acid analyzer (A300, Manmo Boer, Germany). In brief, 1 g of the sample was added with 6 mol/L HCl and phenol in a vacuum nitrogen-filled sealed tube at 110°C for 24 h. The volume of the solution was made up to 50 mL. About 1 mL of the hydrolysate was deacidified three times and lyophilized in vacuo. The hydrolysate was then dissolved in 0.1 mol/L HCl and tested by automatic amino acid analyzer. [18] FT-IR analysis FT-IR analysis was performed at room temperature by using a Perkin-Elmer spectrometer (Lambda 750s; PerkinElmer Instruments, USA). FT-IR characterization was conducted according to the method of Kyomugasho et al. [19] An accurately weighed amount (1 g) of the sample was mixed with 100 mg of dry KBr crystals and ground under infrared lamp irradiation. The mixture was compressed into a transparent sheet with appropriate diameter and thickness by using a tablet press and then subjected to FT-IR scan at 400-4000 cm −1 at a resolution of 8 cm −1 .
SEM analysis
SEM characterization was conducted using a scanning electron microscope (S-3000; Hitachi Corporation, Japan) according to the method of Chen et al. [20] with some modifications to observe the homogeneities and morphologies of SCP and DSCP. Images were collected at an accelerating voltage of 20.0 kV at 100× and 5000× magnification for SCP and DSCP, respectively.
XRD analysis
XRD patterns of the SCP and DSCP powders were recorded using a D/Max-200 diffractometer according to the method of Joshi et al. [21] with some modifications. Diffractograms were collected between 2°and 55°(2θ) at a 0.025°step size with an exposure time of 0.5 s at each step.
Solubility
Accurately weighed 100 mg of the sample was mixed with distilled water (10 mL), and the pH was adjusted to 2-12. The mixture was shaken at room temperature for 30 min and centrifuged at 2057 g for 20 min. The supernatant was collected and analyzed by biuret method. [15] The standard curve was obtained using y = 0.0365x-0.0011(R 2 = 0.9997), where y represents the absorbance recorded at 540 nm, and x represents the protein concentration (mg/mL). Solubility was calculated according to the following formula: where C 1 is the percentage of protein in the supernatant, and C 2 is the total protein content.
Emulsifying capacity and emulsifying stability
Emulsifying capacity of the sample was determined according to the method of Hung and Zayas. [22] In brief, 6 mL of the protein solution (1% w/v) were mixed with 0.01 mol/L Tris-HCl buffer (pH 8) and 2 mL of soya bean salad oil. Then, the mixture was dispersed at 25,714 g for 1 min with an Ultra-Turrax T25 disperser. About 50 µL aliquots of the sample were collected and dissolved in 5 mL of 0.1% (w/v) SDS. Absorbance (A 0 ) recorded immediately at 500 nm was used as an estimate of the emulsifying capacity. After 10 min, 50 µL aliquots of the sample were withdrawn and dissolved in 5 mL of 0.1% (w/v) SDS. After mixing, absorbance (A 1 ) was recorded at 500 nm. Emulsifying capacity and emulsifying stability were calculated according to the following formula:
where C is the concentration of polypeptide before dilution (g/mL), ∅ is the optical path (1 cm), θ is the volume fraction of oil that organizes the emulsion (0.25), and DF is the dilution factor (100).
Foaming capacity and foaming stability
Foaming capacity and foaming stability of the sample were determined according to the method of Sathe and Salunkhe. [23] Accurately weighed 50 mg of the sample was mixed with 0.01 mol/L Tris-HCl buffer (pH 8). Initial volume V 0 was recorded, and Ultra-turrax T 25 disperser was used to disperse the mixture at 12857 g for 2 min. Volume V 1 at this time was recorded. After placing for 30 min, volume V 2 was recorded. Foaming capacity and foaming stability were calculated as follows:
Water-holding and oil-holding capacity
Water-holding capacity (WHC) and oil-holding capacity (OHC) were determined according to the method of Wang et al. [24] with some modifications. Accurately weighed 100 mg of the sample (W 0 ) was placed into a well-dried 10 mL centrifuge tube. The sample and the centrifuge tube were weighed (W 1 ). The centrifuge tube was then added with 2 mL of deionized water (or oil). After shaking at room temperature for 30 min, the mixture was centrifuged at 2057 g for 10 min to remove water (or oil) from the upper layer of the tube. The centrifuge tube and the pellet were then weighed (W 2 ). WHC and OHC of the sample were calculated as follows:
Statistical analysis
All experiments were conducted at least three times. Statistical software DPS9.5 and paired t-test were used to analyze the significance of differences in data. Origin8.5 was used to complete the drawing.
Results and discussion
Structural properties
As shown in Table 1 , the surface hydrophobicity of decolorized seed cake protein (DSCP) treated by H 2 O 2 was significantly higher (P< .05) than that of seed cake protein (SCP). H 2 O 2 slightly expanded the protein structure and exposed some hydrophobic aromatic and aliphatic amino acid side chain groups inside the molecule in polar solutions. H 2 O 2 promoted protein folding, thereby increasing the surface hydrophobicity [25, 26] , consistent with the results of Morze et al. [27] The free and total sulfhydryl contents of DSCP were significantly lower (P< .05) than those of SCP, indicating that the decoloration of H 2 O 2 caused the oxidation of protein sulfhydryl groups. The oxidation state of the protein sulfhydryl groups was divided into reversible and irreversible states. Sulfur bonds and sulfenic acids irreversibly formed sulfinic acid and sulfonic acid. The content of the disulfide bond was half of the total sulfhydryl content minus the free sulfhydryl content. The disulfide bond content of hydrogen peroxide before (4.37) and after (4.34) decolorization did not change, indicating that the oxidation state of the sulfhydryl group was basically reversible and recoverable. [28] H 2 O 2 can increase the hydrophobicity of the protein surface, thereby promoting the oxidation of the side chain. [11] Oxidation then modifies the protein side chain to produce carbonyl, which can free amino elements through the carbonylation ammonia condensation reaction [7, 14] . The free amino elements subsequently form amide bonds that result in the cross-linking and polymerization of protein molecules. [10, 15] Disulfide bonds formed by mercaptol oxidation or by other modes of cross-linking can cause cross-crosslinking and polymerization between protein molecules. [8, [12] [13] [14] Thus, the effects of oxidation on physical and chemical properties, such as protein stability and solubility, are realized through conformational changes and interaction between molecules.
Thermal denaturation temperature
As shown in Figure 1 , the thermal denaturation temperatures of DSCP and SCP were, respectively, 103.25°C and 100.77°C. The hydrogen dioxide side chain of the non-polar amino acid enhanced the surface space complexity of the amino acid residue, leading to the formation of a large and orderly hydrogen network. [8, 20] H 2 O 2 increased the heat capacity of SCP and the temperatures of the polycondensation (exothermic) and repolymerization (exothermic) reactions of a large number of amino acids [11, [20] [21] [22] , thereby increasing the thermal denaturation temperature of DSCP.
SDS-PAGE patterns
SDS-PAGE was performed on SCP before and after decolorization. Structural aggregation changes were observed. As shown in Figure 2 , the band after decolorization of H 2 O 2 did not change significantly, the oxidation of protein led to aggregation or fragment formation of protein, resulting in the accumulation of macromolecular protein aggregates or fragments on top of the separation gel [18, 28] , so SCP did not oxidize. 
Amino acid composition
The amino acid composition of proteins determines their nutritional value. The difference in the amino acid composition between DSCP treated by H 2 O 2 and SCP is shown in Table 2 . The structure of tryptophan was destroyed by acid hydrolysis, so tryptophan was not detected. Decolorized seed cake protein (DSCP) and seed cake protein (SCP) were rich in 17 kinds of amino acids, 7 of which are necessary for the human body. The four amino acids with high proportion were glutamate, arginine, aspartic acid, and leucine. Glutamic and aspartic acids can improve the antioxidant activity of proteins and eliminate excess free radicals. [7, 12] The contents of basic amino acids in both samples were lower than those of acidic amino acids, indicating that SCP was acidic under natural conditions, consistent with its isoelectric point of around 3.5. H 2 O 2 treatment can transform amino groups into carbonyl groups in the glutamic acid, valine, and isoleucine of free amino acid residues in proteins. The formed carbonyl groups further form Schiff bases through protein amino reactions, which cause the content of free amino acids to decrease and eventually promotes the covalent crosslinking of a protein and destroys the protein structure. [4, [18] [19] [20] In terms of content and demand, the essential amino acid content of SCP before and after decolorization satisfied the WHO standard for adults. The difference in the amino acid composition was not significantly different between DSCP and SCP. The amino acid content of the decolorized protein was higher than that of SCP (except glutamic acid, valine, and isoleucine). Decolorization possibly caused the purity of protein such that the total amino acid content of DSCP was higher than that of SCP, however, the process led to certain destructive effects on glutamic acid, valine, and isoleucine. Figure 3 shows the FT-IR spectra of DSCP and SCP. Comparison of both spectra showed broad peaks at 3600-3200 cm −1 . DSCP was strongly absorbed at 3425 cm −1 , and SCP was strongly absorbed at 3358 cm −1 , indicating the stretching vibration of O-H and the presence of intermolecular or intramolecular hydrogen bonds, respectively. [6, 10] The decolorization of H 2 O 2 weakened the intramolecular and intermolecular hydrogen bonds. An absorption peak of the decolorized and nondecolorized proteins was found at 2932 cm −1 , which is due to the C-H stretching vibration of alkane-CH 2 or -CH 3 . [6, 8] The decolorization of H 2 O 2 reduced the intensity of the C-H stretching vibration of the saturated alkanes. Strong absorption peaks of DSCP were found at 1653 and 1543 cm −1 . Strong absorption peaks of SCP were detected at 1657 and 1541 cm −1 , which are due to the C = O bond stretching vibration of the -CONH-group and characteristic absorption of peptide bonds, respectively. [9, 11] H 2 O 2 did not affect the basic skeleton of protein-CONH-, and DSCP was basically consistent with the SCP functional group and chemical bond species. The decolorization of H 2 O 2 did not significantly affect the functional groups and chemical bonds of SCP.
IR spectroscopy
XRD peak
As shown in Figure 4 , the samples possessed three characteristic X-ray diffraction peaks. DSCP showed three characteristic X-ray diffraction peaks within 5.50°, 9.35°, and 19.13°. SCP showed three characteristic X-ray diffraction peaks within 4.88°, 8.62°, and 19.95°. The intensity and position of the X-ray diffraction peaks were basically the same for both proteins.
Microtopography
As shown in Figure 5 , the microtopography of DSCP and SCP was basically similar. At low magnification (×100), DSCP and SCP mainly presented a lamellar structure at high magnification (×5000). DSCP and SCP were spherical, and the collapsed sphere may be caused by uneven shrinkage of particles composed of protein and water during freeze drying. [21] DSCP contained partial voids and had fewer microstructural changes than SCP (surface morphology presents a distinct large structure with a smooth surface and loose internal structure).
Functional properties
As shown in Figure 6 , the pH-solubility curve first decreased and then increased with increasing pH, showing a V shape. As such, the isoelectric points of SCP and DSCP were around pH 3.5. The decolorization of H 2 O 2 did not change the isoelectric point of SCP. The decolorization of H 2 O 2 reduced the protein solubility, which could be mainly due to the covalent cross-linking aggregation of SCP caused by H 2 O 2 . The formation of insoluble aggregates decreased the solubility of SCP, consistent with the results of Davis and Goldberg. [29] As shown in Table 3 , the emulsifiability and emulsification stability of DSCP were significantly lower than those of SCP (P< .05) possibly because of covalent cross-linking aggregation of protein and insoluble aggregation, consistent with the result of decreased solubility of DSCP. The WHC and OHC values of DSCP surpassed the SCP mainly because the oxidation degree of SCP was low, its spatial structure slightly expanded, and the flexibility of its molecules increased. In this regard, more water molecules had the opportunity to enter the protein to increase the WHC. The partially exposed hydrophobic group of the protein can bind to lipid, increasing the OHC. After decolorization, the foaming ability and foam stability of SCP decreased significantly. Treatment with hydrogen peroxide prevented SCP from fully expanding at the gas-liquid interface. As such, continuous protein membrane with good viscoelasticity and blocking air permeability was not formed.
Conclusion H 2 O 2 increased the surface hydrophobicity and the free and total sulfhydryl contents of SCP but did not change the content of disulfide bonds. Decolorization of H 2 O 2 exerted certain influence on the functional properties of SCP but did not change the physical and chemical properties at the isoelectric point, decolorization with hydrogen peroxide did not significantly affect the protein structure. Hence, H 2 O 2 oxidation could be suitable method for decolorization of SCP.
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